Abstract-Registration is a key issue in image-guided minimally invasive vascular surgery (MIVS) when the electromagnetic device is used to tracking the catheter. We assume that the catheter advances in the vessel along the vascular centerline during MIVS. Based on this assumption, we proposed a dynamic point matching approach for registration, of which the transformation is estimated by aligning the point set of catheter's path to that of the vascular centerline. Due to the point set of the path obtained in real time, the point matching is performed dynamically. A matching function is introduced to indicate the correspondence between two point sets. The function is refined to find the optimal correspondence using Relax labeling, which account for local neighborhood structures. The transformation is estimated by minimizing the distance of the optimal corresponding points. A simulation experiment is designed and performed. The results show that the mean±standard deviation of target registration error is 2.72 ±0.03mm.
I. INTRODUCTION
HE minimally invasive vascular surgery (MIVS) takes advantages of less invasive procedures over the open surgery and has been widely used to treat or diagnose disorders and diseases within a vessel. MIVS is implemented using specialized catheters, which are inserted within the vessel to attempt to repair the area of interest. The insertion of the catheter is guided using fluoroscopic images. However, there are some drawbacks with fluoroscopic images in MIVS: (1) Radiation exposure is harmful to both the surgeons and the patients [1] ; (2) Fluoroscopic images are 2D projection images, which are not intuitive for investigation [2] ; (3) Contrast medium is nephrotoxic. Recently, scientists and radiologists are trying to utilize the electromagnetic device to track the path of the catheter incorporated with the Wenpeng Gao is with Harbin Institute of Technology, Harbin, 150080 China (corresponding author to provide phone: 0451-86403679; e-mail: wpgao@hit.edu.cn).
Yili [5] . This method can reduce or even eliminate the after-effects of fluoroscopic imaging. However, one main issue of this method is registration, which is to establish the relationship between the physical space and imaging space. Therefore, the catheter's path tracked by electromagnetic device can be shown in CT images for image-guided MIVS.
II. PREVIOUS WORKS
Maintz et al. [6] had surveyed the methods of medical image registration. According to the nature of registration basis, the registration methods for image-guided surgery can also be mainly divided into: intrinsic feature based methods and extrinsic feature based methods.
A. Extrinsic feature based methods
Extrinsic feature based methods usually rely on the makers adhered to or fixed on the patient. Registration is accomplished using the markers, whose physical positions are obtained with electromagnetic device or optical device and image positions are localized in medical images. The markers are usually attached to both the patient and the surgical tools. Therefore, the correlation between the tools and the images can be established for image-guided surgery. In general, iterative closest point (ICP) algorithm [8] is used to estimate the transformation between the physical space and the image space. A point-based registration was used to estimate the geometrical transformation between the physical space and image space in [4] and [7] . It is reported that the target registration error (TRE) of extrinsic feature based registration usually affected by some factors, such as distribution of the markers and deformation of the skin [9] . Usually, the farther the target from the makers, the larger the TRE is.
B. Intrinsic feature based methods
Intrinsic feature based methods are based on the image features, such as corner points, centerlines, or surfaces, etc. Fu et al. [2] proposed an electromagnetic tracking based image-guided surgery for MIVS. They equipped two 5 degree of freedoms (DOFs) sensor on the tip of the catheter. During the insertion, the catheter and the phantom were placed in the magnetic field generated from the electromagnetic device, and the position of the catheter's tip could be tracked. For registration, they firstly obtained a series of points (such as corner points) using the catheter's tip contacting the phantom. Then, they selected the corresponding points on the vascular A dynamic point matching for registration in image-guided minimally invasive vascular surgery: A simulation study model reconstructed from CT images of the phantom. Finally, ICP was adopted to achieve the registration. Lambert et al. [10] let the catheter's tip reach the distal external iliac artery and obtained a set of 3D points. Their corresponding points were collected from pre-operative CT images. They used a regular step gradient descent optimization algorithm to minimize the registration metric, which indicated distances between each measured real point and the closest point on the vessel wall extracted from the CT scan.
Obviously, these intrinsic feature based methods are complicated for operation and cannot guarantee the accuracy due to the imprecise way of choosing corresponding points. In addition, these methods can only be implemented in vitro but not in vivo, which constrained its application in practice.
In this paper, we proposed a dynamic point matching approach for registration for electromagnetic tracking based image-guided surgery for MIVS. In fact, this approach is an intrinsic feature based registration. The features concerned in this paper are two point sets of the vascular centerline and the path of the catheter's tip. We formulate the point matching as an optimization to preserve local neighborhood structures and point orders during matching. Due to the path tracked in real-time, the matching is performed dynamically. A simulation experiment is designed to validate the proposed approach.
III. METHODOLOGY

A. Overview
The proposed registration approach is based on an assumption that the catheter advances in the vessel along the vascular centerline in MIVS. The core of our approach is to align the two point sets, i.e., the path of the catheter's tip and the vascular centerline. The proposed approach involves two iterative steps: (1) determination of the correspondence between two point sets; (2) estimation of a rigid transformation.
B. Determination of correspondence
Determination of correspondence is to map the path points to the centerline points. Suppose we have two point sets C = { | = 1,2, … , } and P = { | = 1,2, … , } in ℜ 3 representing the centerline and the path of the catheter's tip (see Fig.1 ), respectively. C can be obtained from pre-operative CT images once the vessels concerned in MIVS are determined. While P is obtained in real time with the insertion of the catheter. It means that P is not obtained at one time. It is null at the beginning, and extended with the new positions of the catheter's tip tracked by electromagnetic device during the insertion.
The correspondence between two point sets is an optimization problem. In general, a one-to-one matching constraint is practice in point matching. However, the amount of points in two set C and P is inconsistent, so the point sets C and P are expended to C = { | = 1,2, … , , } and P = { | = 1,2, … , , } , respectively, by introducing a dummy or nil point. A match between C and P is : C ⟺ P, where the match of points is one-to-one, but multiple points may be matched to a dummy point. The optimal match Z � is We can represent the matching function Z in (1) with a set of supplemental variables, which are organized as a matrix Z with dimension ( + 1) × ( + 1)
If point in the path P is matched to point in the centerline C, then = 1, otherwise = 0. The last row and column of Z represent the case that a point may be matched to a dummy point. To keep one-to-one correspondence, matrix Z satisfies the following normalization conditions
Using matrix , the object function of (1) can be written as
where (#) denotes the N neighboring points of point # in the opposite direction of catheter advancement. We use as the weight, which indicates the information of local neighborhood structure. To keep the order of points, we let be equal to .
It is a hard discrete combinatorial problem to search for an optimal Z maximizing ( , , Z ) , due to ∈ {0,1} . In this paper, we use relaxation labeling [9] to solve this problem, where the condition ∈ {0,1} is relaxed as
is a real number, and the problem is converted to a constrained optimization problem with continuous variables.
The performance of relaxation labeling depends heavily on the initialization of Z . We need a good initial measure of the correspondence. Here, we suppose that the correspondence between the start points (i.e., 1 and 1 ) of the path and centerline is determined. If is matching to , their curve length from their corresponding start points and tangent vectors should be similar. In this paper, we use (6) to measure the correspondence between two points. = � − � �n •n +1� (6) where and denote the curve length of the path from 1 to and the centerline from 1 to respectively; n and n denote the tangent vector at points and of the path and centerline, respectively. Therefore, the matching probability of two points can be measured in (6) .
Taking the cost as the energy of the state that points and are matched, the matching probability is initialized by
where is the vessel radius at point . is a temperature, which is used to adjust the reliability of the initial probability measures.
To search for an optimal Z that maximizes (C,P,Z) in (1), we use the relaxation labeling adopted by Zheng et al. [12] . Relaxation labeling achieves a globally consistent result by iterated local context updates. The original updating rule in [11] is ≔ ∑ =1 (8) where is the support function measuring the overall support the match between points and gets from its neighbors.
where , ( , ) is the contextual constraints measuring the strength of compatibility between matching and matching . If a pair of neighbors and matched to a pair of neighbors and , = 1; otherwise, = 0. In this paper, is defined as
After relaxation labeling update, the correspondence is expressed by the matrix Z with the matching probability. To make one-to-one correspondence more clear, the matrix is binarized with a threshold = 0.95 , which can be written as
For a path point , its corresponding centerline point * is determined by * = ∑ =0 (12)
C. Estimation of transformation
Pairs of points with maximum matching probability are obtained to estimate a rigid transformation , which is used to align the path to the centerline of the vessel. The estimation is achieved by minimizing the summation of Euclidean distances of matching point pairs. In this paper, least-square algorithm is used to solve this problem.
Suppose that K pairs of matching points are obtained, i.e., {( , * )| = 1,2 … , }.The optimal rigid transformation � is determined by
where * denotes the vessel radius at the cross section passing point * . Singular Value Decomposition (SVD) is used to solve (13) .
D. Flow of algorithm
A brief summary of our approach is shown in Fig.2 . The set C of centerline points is obtained from CT images of patients. The set P of path points is retrieved during intervention. The initial transformation T is estimated according to the pose of the catheter's tip and the pose of a vascular centerline point near the catheter's tip. During the intervention, new positions of the catheter's tip are retrieved and added into the path P. The path of the catheter's tip is transformed. The probability of the match between the centerline points and the new position of the catheter's tip is calculated using (7) . Relaxation labeling is adopted to update the matching matrix Z according to (8) . The optimal match between the new position and the centerline point is determined. Optimal matching points are obtained and used to estimate the rigid transformation T by minimizing the summation of Euclidean distances of matching point pairs. To evaluate the accuracy of registration with such a transformation, a registration error is calculated by
where ′ denotes the path point after transformation. If the registration error does not meet the requirement, the iteration keeps on going, otherwise, stops. If current registration error is not larger than the last minimal registration error in some extent, current transformation T is accepted, otherwise, current transformation T is rejected.
IV. EXPERIMENTS AND RESULTS
The proposed approach was implemented in C++. As a module, this approach is integrated into our in-house software NASP (Neuroimage Analysis and Surgical Planning) [13] , which is developed with the Insight Segmentation and Registration Toolkit (ITK) [14] and Visualization Toolkit (VTK) [15] . NASP provides functions of medical image segmentation, registration and visualization [16] - [19] .
To validate the proposed approach, we designed a simulation experiment. Firstly, the vascular centerline was extracted from CT images of a phantom. Then, the path of the catheter's tip was generated using the centerline as the prototype. Finally, the generated path was transformed arbitrarily by translation and rotation.
A. Extraction of vascular centerline
A silicon phantom of abdominal aorta (ELASTRAT ○ R in vitro model, Shelley Medical Imaging Technology) was scanned with a multi-slice CT scanner (General Electric). The CT volume of the phantom contains 252 slices, each of which is 512×512 pixels with a resolution of 0.5762×0.5762mm 2 and 1.0mm inter-slice spacing. A binary volume was obtained from the CT volume using Otsu thresholding algorithm [20] . The vascular centerline was approximated by the vascular skeleton extracted from the binary volume using the algorithm proposed by Chuang et al. [21] . The radiologists will label the centerline of each vessel branch according to anatomical knowledge. Then, they design the surgical plan, the centerlines along which the catheter advances were determined. By now, the point set C in (1) is formed by points of these centerlines in the sequence of the catheter's advancement.
There are totally 811 points on the centerline of the vascular that the catheter should move to.
B. Simulation of tracked path
In this paper, we assume that the catheter's tip advances in the vessel along the vascular centerline in MIVS. Therefore, we simulate the catheter's path using the centerline as the prototype.
We generated the catheter's path using the module Simulink, which is a block diagram environment for multidomain simulation in Matlab environment. The model of simulation is illustrated in Fig. 3 . The ground truth of the path is generated by translating the centerline with a small distance, followed by a composition of a disturbance wave with the centerline. In this paper, we use the sine wave as the disturbance wave. The amplitude of the sine wave is set 2~3mm in the vessel with larger diameter and 0.8~1.2mm with smaller diameter. This guarantees that the ground truth path constrained in the vessel. Then, the ground truth of the path is translated and rotated arbitrarily to simulate the tracked path obtained by electromagnetic device. Let Q = { | = 1,2, … , } and P = { | = 1,2, … , } denote the ground truth of the path and the tracked path respectively. Fig.4 shows the centerline in the vessel, the ground truth of the path and the tracked path.
In fact, the catheter's path is a function of time, which describes the variation of the position of the catheter's tip during the advancement of the catheter. 
C. Validation
To simulate the insertion of the catheter, a time counter was set (see Fig.2 ). At the beginning, P is null. Then, a point was pushed into P at each time interval. The correspondence between P and C was determined and the transformation of P was estimated. Then the path P was transformed. This procedure of point matching was repeated at each time interval until the matching requirements was met. Fig.5 shows the results of registration. To validate the registration, target registration error (TRE) was measured by calculating the mean distance error between tracked path P and the ground truth Q . Let P ′ = { ′ | = 1,2, … , }(N ≤ ) denotes the transformed tracked path after N intervals. Then, the mean distance error can be calculated by (14) .
The mean (standard deviation) TRE in the distal vessel is 2.72 ±0.03mm.
D. Computation
Suppose both two point sets have N points, the computation cost is changed with the path is extended in each iteration. The worst case is that the path has N points. In this case, the matching matrix should be initialized totally, and the computation cost for initialize the matrix Z is in the order of O(N). Relaxation labeling updates will take O(N 2 ) time. The computation cost for computing the transformation matrix can be ignored, due to SVD is very fast. The computation complexity of transforming the path can be O(N).
With our C++ implementation, it took no more than 1s to match two point sets (each with 811 points) on a workstation with a 2.53GHz Intel Xeon CPU.
V. LIMITATION
The results are encouraging, however, there are two limitations in this study. One is regardless of electromagnetic device factor. Because the path of the catheter's tip is simulated using Matlab but not tracked by electromagnetic device. However, this simulation experiment can validate the accuracy of our approach properly. Another one is regardless of the motion and deformation of the vessel in the surgery. Especially for the cardio-vessel, the amplitude of its motion is large than that of cerebral vessel. Therefore, our approach is more suitable for image-guided neurointerventional surgery.
It is noted that our method is based on the assumption that the catheter advances in the vessel along the vascular centerline. For the cases of the vessels with large diameter, the catheter does not always move along the vascular centerline due to the existence of the gravity. Therefore, our approach is no longer suitable for such cases.
VI. CONCLUSION We presented an approach of dynamic point matching, which is used to align the catheter's path to the vascular centerline for image-guided MIVS. It was based on the assumption that the catheter advances along the vascular centerline in MIVS. The optimal correspondence between the path of the catheter's tip and the vascular centerline was searched by preserving local neighborhood structure and point order. A rigid transformation was estimated by minimizing the distances between the matching points. We designed a simulation experiment and validated the proposed approach. The results indicated that the proposed approach had potential application in image-guided surgery for MIVS.
